Most lysosomal storage diseases (LSDs) are life-threatening genetic diseases. The pathogenesis of these diseases is poorly understood. Induced pluripotent stem (iPS) cell technology offers new opportunities for both mechanistic studies and development of stem cellbased therapies. Here we report the generation of disease-specific iPS cells from mouse models of Fabry disease, globoid cell leukodystrophy (GLD), and mucopolysaccharidosis VII (MPSVII). These mouse model-derived iPS cells showed defects in disease-specific enzyme activities and significant accumulation of substrates for these enzymes. In the lineage-directed differentiation studies, Fabry-iPS and GLD-iPS cells were efficiently differentiated into disease-relevant cell types, such as cardiomyocytes and neural stem cells, which might be useful in mechanistic and therapeutic studies. Notably, MPSVII-iPS cells demonstrated a markedly impaired ability to form embryoid bodies (EBs) in vitro. MPSVII-EBs exibited elevated levels of hyaluronan and its receptor CD44, and markedly reduced expression levels of E-cadherin and cell-proliferating marker. Partial correction of enzyme deficiency in MSPVII-iPS cells led to improved EB formation and reversal of aberrant protein expression. These data indicate a potential mechanism for the partial lethality of MPSVII mice in utero, and suggest a possible abnormality of embryonic development in MPSVII patients. Thus, our study demonstrates the unique promise of iPS cells for studying the pathogenesis and treatment of LSDs.
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cardiomyocyte | embryoid body | neural stem cell L ysosomal storage diseases (LSDs) are a group of life-threatening diseases with a global incidence of 1:7,000-8,000 live births (1, 2) . Most LSDs are caused by deficiency of a single lysosomal enzyme or protein, which leads to abnormal accumulation of substrate in cells and subsequent cellular dysfunction. The pathogenesis of these diseases is poorly understood, however. For example, Fabry disease is associated with severe multisystem abnormalities including cardiac hypertrophy, progressive kidney disease, and stroke (3) . The mechanism by which α-galactosidase A (α-gal A) deficiency and the resulting glycosphingolipid accumulation cause hypertrophy of myocytes is not known (4) .
The paucity of mechanistic studies of LSDs is due largely to the absence of faithful in vitro disease model systems. Induced pluripotent stem (iPS) cells offer the opportunity to establish such in vitro models of LSDs, because iPS cells can be generated from skin fibroblasts of patients (5-7) and theoretically can differentiate into multiple cell types in vitro. In addition, the embryonic stem (ES) cell-like properties of iPS cells permit the study of early embryogenesis events in a culture system. This unique capability provides an invaluable tool for investigating that abnormal early embryonic development that may occur in these genetic disorders.
In addition, iPS cells provide a source for autologous cell transplantation, which may be useful to treat some LSDs. Enzyme replacement therapy (ERT) is a specific treatment for several LSDs (8, 9) ; however, systemic ERT is not effective for LSDs that affect the central nervous system, including globoid cell leukodystrophy (GLD) (10) and mucopolysaccharidosis (MPS) VII (11) . For those LSDs, other strategies are needed to provide enzyme to the brain. Neural stem cell transplantation has been shown to improve neuropathology in mouse models with GLD and MPSVII (12) (13) (14) . The use of iPS cell-derived neural stem cells or other cell types for transplantation might provide an attractive alternative to help overcome both donor shortages and immune rejection problems.
In the present study, we investigated the generation and characterization of iPS cells from mouse models of Fabry disease, GLD, and MPSVII. We also studied the relationship between β-glucuronidase (GUSB) deficiency and abnormal embryogenesis in vitro.
Results

Generation and Characterization of iPS Cells from Mouse Models.
To generate iPS cells, we established primary cultures from tail-tip fibroblasts of mouse models of Fabry disease, GLD, and MPSVII, and of WT mice. Fibroblasts were infected with retroviruses encoding Oct3/4, Sox2, and Klf4 (15) . iPS colonies were identified 1 week after being seeded on SNL feeder cells, and were ready for selection at 3 weeks. Generally, more than 10 clones from each model were isolated and expanded. Mouse iPS cells grew as colonies on top of feeder cells and had bright cytoplasm (Fig. 1A) .
RT-PCR analysis showed that the putative iPS clones expressed ES cell marker genes. Almost all clones were positive for all 13 markers analyzed, including Nanog, Oct3/4, Ecat1, and Cripto (Fig. S1 ). Isolated clones were tested for expression of stagespecific embryonic antigen 1 (SSEA-1) and alkaline phosphatase (AP), undifferentiated cell markers identified by immunostaining and enzyme activity staining, respectively. All of the clones analyzed were strongly positive for SSEA-1 and AP ( Fig. 1 B and C) .
To examine whether these iPS cells are able to differentiate into multilineage cell types, cells were differentiated in vitro. Embryoid bodies (EBs) were formed after culturing in suspension for 3 days, then transferred to gelatin-coated dishes. After 3 days, differentiated cells were examined by immunostaining. Cells expressing β-tubulin III (ectoderm marker), α-fetoprotein (AFP; endoderm marker) and desmin (mesoderm marker) were detected, indicating that the iPS cells differentiated into cells of ectoderm, endoderm, and mesoderm lineages (Fig. S2) .
The pluripotency of generated iPS cells was evaluated by teratoma formation. Between three and five clones of iPS cells of each mouse model were transplanted s.c. into nude mice. All formed tumors between 2 and 4 weeks after injection. Histological examination revealed neural tissue, muscle, cartilage, and respiratory epithelium-like tissue in the tumors ( Fig. 2A) . Immunostaining detected cells positive for β-tubulin III, GFAP, desmin, To whom correspondence may be addressed. E-mail: jinsong.shen@baylorhealth.edu or bradyr@ninds.nih.gov.
This article contains supporting information online at www.pnas.org/cgi/content/full/ 1002758107/DCSupplemental. and AFP (Fig. 2B) . Some rare cells were positive for the oligodendroglial marker GST-π (Fig. 2B) . These results confirm that the mouse iPS cells differentiated into lineages for all three primary germ layers, and that they were pluripotent.
Disease phenotypes of the iPS cells were characterized. iPS cells from the LSD mouse models exhibited significantly reduced activities of the enzyme related to the specific disease compared with WT-iPS cells (Fig. 3A) . Immunostaining for globotriaosylceramide (Gb3), the hallmark of Fabry disease, in undifferentiated Fabry-iPS cells revealed punctuate positive signals (Fig. 3B) . No positive signals were detected in WT-iPS cells. Accumulation of Gb3 in FabryiPS cells was demonstrated by TLC (Fig. 3C) . The content of hyaluronic acid (HA), the substrate of GUSB, was significantly higher in MPSVII-iPS-derived EBs (MPSVII-EBs) compared with WTand Fabry-EBs (Fig. 3D ).
Lineage-Directed Differentiation of the iPS Cells Into Disease-Relevant Cell Types. Lineage-directed differentiation of iPS cells into disease-relevant cell types in vitro is important for both mechanistic and therapeutic studies. Because cardiomyocytes are one of the major cell types affected in Fabry disease, we attempted to induce differentiation into cardiac cells. Fabry-iPS cells were cultured in suspension culture on low-attachment plates to allow formation of EBs. Between 6 and 7 days after attachment of the EBs onto gelatin-coated dishes, spontaneously beating areas were observed. The beating areas were dissected and reseeded on gelatin-coated dishes. Most reseeded cells demonstrated spontaneous beating as isolated single cells or cell clusters (Movie S1). On immunostaining, these beating cells were positive for cardiomyocyte markers, including actinin, cardiac troponin T, and GATA-4 ( Fig. 4 B-D) . Lysosomal accumulation of Gb3 also was confirmed in these differentiated Fabry cardiomyocytes (Fig. 4E) .
The effect of the L-type calcium channel inhibitor diltiazem was studied on beating sites to determine whether the derived cardiomyocytes express the calcium channels required for initiation of contractions in cardiac cells. The frequency of contractions was significantly decreased after diltiazem treatment, in a dosedependent manner (Fig. 4F) . These data conclusively demonstrate that Fabry disease cardiomyocytes can be generated from Fabry-iPS cells in vitro.
We also attempted to induce neural differentiation of GLD-iPS cells, because GLD abnormalities are limited almost exclusively to the nervous system. Through directed neuronal differentiation by EB formation in suspension culture and subsequent neural progenitor enrichment steps, we obtained a high-purity neural stem cell population. On immunostaining, almost all cells were strongly positive for the neural stem cell marker nestin (Fig. 4G) .
Impaired EB Formation of MPSVII-iPS Cells. Our initial differentiation studies found that a significantly decreased capability for EB formation in MPSVII-iPS cells compared with WT-iPS cells and iPS cells from the other two disease models. Even though the same number of iPS cells were placed in suspension cultures, significantly fewer EBs were formed from MPSVII-iPS cells than from WT-iPS cells (Fig. 5A ). In addition, the EBs formed from MPSVII-iPS cells generally were smaller than those formed from WT-iPS cells (Fig. 5A) . Decreased efficiency of EB formation of MPSVII-iPS cells was seen as early as 24 h after dissociation and plating in suspension culture. The WT-EBs grew significantly larger by day 4, with few single cells seen at this time point. Although MPSVII-EBs also grew larger over time, many MPSVII-iPS cells remained as isolated single cells. This finding was consistent in several independent MPSVII-iPS clones and thus is not due to variations between individual clones. The EB formation from Fabry-iPS and GLD-iPS cells was indistinguishable from that from WT-iPS cells, suggesting that the defective EB formation is MPSVII-specific. To evaluate the efficiency of EB formation quantitatively, EBs larger than 100 μm (designated as EBs) and smaller than 100 μm (designated as filtrate) were separated by a cell strainer, and the cell numbers in each fraction were counted. Consistent with the microscopic findings described above, significantly fewer cells were counted in MPSVII-EBs compared with WT-, Fabry-, and GLD-EBs (Fig. 5B) .
The decreased capability of MPSVII-iPS cells to form EBs was intriguing to us, because while maintaining a MPSVII mouse colony in our laboratory, we noted a much lower percentage of MPSVII newborns born from heterozygote mating than the expected 25% based on Mendelian inheritance (only 14.5%; 44 of 303 pups from 39 litters). This lower percentage of homozygotes was present before birth (20% at embryonic day 15-18; 11 of 55 fetuses from 6 litters). A similar finding (∼18% of affected mice in both the prenatal and postnatal periods) was reported by another group (16) . These observations suggest the possibility of intrauterine loss of some MPSVII embryos. Because in vitro EB recapitulates many aspects of the early stage of developing embryos (17, 18) , the impaired EB formation of MPSVII-iPS might reflect aberrations in early embryogenesis in MPSVII mice that could lead to a partial loss of affected embryos.
We investigated the possible molecular basis for impaired EB formation of MPSVII-iPS cells. Because HA contributes to the migration and proliferation of the cells and plays important roles in mammalian embryogenesis (19) , we speculated that the accumulation of HA might contribute to the EB abnormality. On HPLC analysis, MPSVII-EBs exhibited a 2-fold higher HA level compared with WT-and Fabry-EBs (Fig. 3D) . We evaluated the expression of CD44, the main cell surface receptor for HA, by Western blot analysis and found significant increment of CD44 expression in MPSVII-EBs compared with WT-and Fabry-EBs (Fig. 5C) .
The cell adhesion molecule E-cadherin plays a critical role in early embryogenesis and cell aggregation (20) (21) (22) . A previous study reported an inverse correlation between HA expression and E-cadherin expression in keratinocytes (23) . Based on our observation of decreased EB formation and elevated HA level in MPSVII-EBs, we hypothesized that E-cadherin expression might be down-regulated in MPSVII-EBs. Western blot analysis revealed markedly lower E-cadherin expression in MPSVII-EBs compared with WT-and Fabry-iPS EBs (Fig. 5C ). This decreased E-cadherin expression in MPSVII-EBs was confirmed by immunofluorescence staining. In contrast to the strong positive signals in all cells in WT-EBs, only a few cells demonstrated weak signals in MPSVII-EBs (Fig. 5D) . To elucidate the direct causes of the decreased cell numbers in MPSVII-EBs, we evaluated cell proliferation and apoptosis. The cell proliferating marker proliferating cell nuclear antigen (PCNA) was expressed at a much lower level in MPSVII-iPS EBs than in WT-and Fabry-EBs (Fig. 5C) ; however, given that we did not detect activated caspase-3 in all samples, which would suggest programmed cell death, caspase-3-mediated cell death might not be significant at this stage of the EBs.
To confirm that the impaired EB formation and altered expression of CD44 and E-cadherin are due primarily to GUSB deficiency, we treated MPSVII-iPS cells with exogenous GUSB and analyzed the efficiency of EB formation. We used conditioned medium from GUSB overexpressing 293T cells as the enzyme source. After incubation with conditioned medium, the intracellular GUSB activity of the recipient MPSVII-iPS cells increased significantly (20% of WT-iPS cells), indicating efficient uptake of exogenous GUSB by these cells (Fig. 5F ). For EB formation, MPSVII-iPS cells were fed with conditioned medium (with or without GUSB) for 3 days on feeder cells before differentiation. Subsequent suspension culture for EB formation also was carried out in the conditioned media with or without GUSB for 4 days. Enzyme treatment improved EB formation of MPSVII-iPS cells compared with MPSVII-iPS cells grown in conditioned medium without GUSB (Fig. 5 G and H) . Enzyme treatment also led to lower CD44 expression and up-regulated expression of E-cadherin and PCNA (Fig. 5I) .
Discussion
In this study, iPS cells generated from mouse models of Fabry disease, GLD, and MPSVII demonstrated defects in diseasespecific enzymes and the accumulation of substrates of their enzymes. Fabry-iPS and GLD-iPS cells were efficiently differentiated into disease-relevant cell types in vitro. MPSVII-iPS cells exhibited a decreased ability to form EBs, suggesting possible abnormal embryogenesis in MPSVII.
One of the important potential applications of disease-specific iPS cells is to use in creating appropriate in vitro disease models. In this study, functional cardiomyocytes were efficiently differentiated from Fabry-iPS cells. This in vitro model could be used to examine potential links between the pathological accumulation of Gb3 or related glycosphingolipids, such as lyso-Gb3 (24), and cardiac hypertrophy-related substances, such as G protein, signaling kinases, and reactive oxygen species (25) .
Previous studies have shown that transplantation of iPS cellderived hematopoietic or neuronal stem cells can rescue disease phenotypes in murine models of sickle cell anemia and Parkinson's disease, respectively (26, 27) . The effectiveness of iPS cells in treating LSDs remains to be demonstrated, however. Intrabrain transplantation of neural stem cells derived from GLD-iPS cells (after correction of the nonsense mutation in the GALC gene) into twitcher mice would provide a good model for elucidating the therapeutic potential of iPS cells in demyelinating disorders. Bone marrow transplantation has been reported to result in significant clinicopathological improvement in multiple organs in MPSVII mice (28) . Thus, investigations with iPS cellderived hematopoietic stem cells might provide a model for evaluating the therapeutic potential of iPS cells in LSDs, in which many systems are affected.
An important feature of disease-specific iPS cells is that they can be used to study a disease at a very early stage of embryogenesis that is difficult or nearly impossible to study in vivo, especially in humans. One of the most interesting findings of the present study is the decreased capability of MPSVII-iPS cells to form EBs. Our observations suggest that the lower than expected percentage of MPSVII mice could have resulted from a loss of affected embryos during the implantation period and/or gestational period.
Decreased E-cadherin likely was a contributing factor to the decreased MPSVII-EB formation. E-cadherin plays a pivotal role in the compaction process of preimplantation embryos (20, 21) . E-cadherin knockout embryos fail to form normal blastocysts and die around the time of implantation (21) . Moreover, E-cadherinnull ES cells cannot form cell aggregates in suspension culture (22) . The much smaller-sized aggregates formed by E-cadherin +/− ES cells compared with WT ES cells indicates that E-cadherin's effect on aggregate formation is dose-dependent. Despite the decreased EB formation, however, some of the MPSVII-EBs in our study grew to a substantial size and could be differentiated into all three germ layer cells. This partial defect in EB formation concurs with the observed partial lethality of MPSVII mice and likely is associated with reduced E-cadherin expression. An elevated HA level itself also might be involved in abnormal EB formation, because HA is thought to be required in many morphogenetic processes during development (19) . Depletion of HA through disruption of its synthase (Has2) in mice was found to lead to serious cardiovascular defects and embryonic death at midgestation (29) . Whether an elevated HA level has adverse effects in early embryogenesis is not known, however.
Our observations shed new light on the effect of defective lysosomal enzymes on embryogenesis in MPSVII and possibly other LSDs. Eventually, in vitro culture of the eggs collected from pregnant GUSB +/− mice will be needed to confirm a defect in early development in MPSVII and to study the underlying mechanism. Human iPS cells could be generated from MPSVII patients to examine whether this impaired EB formation exists in human iPS cells as well. Hydrops fetalis is known to be relatively common in patients with MPSVII (30) . Further studies of iPS cells from human patients will help elucidate whether partial lethality also exists in human MPSVII embryos.
Materials and Methods
Mouse Models. Breeding pairs of twitcher heterozygotes (B6.CE-Galc twi /J strain) and MPSVII heterozygotes (B6.C-H2 bm1 /ByBir-Gus mps /J strain) were purchased from Jackson Laboratory. Alpha-Gal A-deficient mice (31) were kindly provided by Dr. Ashok Kulkarni and Dr. Roscoe O. Brady (National Institutes of Health). The mouse colonies were maintained in our laboratory under standard housing conditions. All animal experiments were approved by Jikei University's Animal Experiments Committee.
Generation of iPS Cells. Mouse iPS cells were generated from fibroblasts using three transcription factors (Oct3/4, Sox2, and Klf4) according to the protocol described by Takahashi et al. (15) . Tail biopsy specimens were obtained from each 5-month-old male Fabry mouse, 41-day-old female Twitcher mouse, 1 month-old female MPSVII mouse, and 2.5-month-old female normal C57BL/6J mouse. Primary cultures of tail-tip fibroblasts were obtained as described previously (15) .
RT-PCR. Total RNA extraction and reverse-transcription reactions were performed as described previously (32), with primers and PCR conditions as described previously (15) .
In Vitro Differentiation of iPS Cells. iPS cells were trypsinized and the cell suspensions were transferred to 100-mm Petri dishes at 1 × 10 6 cells per dish in ES medium (DMEM with 15% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acid, and 0.1 mM 2-mercaptoethanol). After 3 days, cell aggregates in the suspension culture were plated on gelatin-coated dishes in differentiation medium (Iscove's modified DMEM supplemented with 10% FBS, 2 mM glutamine, 0.1 mM nonessential amino acid, and 0.1 mM 2-mercaptoethanol). After 3 days, the cells were stained with antibodies against cell type-specific markers.
Teratoma Formation Study. Approximately 1 × 10 6 cells in 100 μL were injected s.c. to the dorsal flank of nude mice. After 2-4 weeks, tumors were dissected, fixed in 10% formaldehyde in phosphate buffer, and embedded in paraffin. Then 4-μm sections were stained with hematoxylin and eosin or used for immunostaining.
Immunostaining and Alkaline Phosphatase Staining. See SI Materials and Methods.
Embryoid Body Formation and Its Efficiency. Undifferentiated iPS cells on feeder cells were trypsinized, and the cell suspensions were plated onto tissue culture dishes for 1 h at 37°C to allow feeder cells to attach to the dish. The unattached iPS cells were collected and plated on ultra-low attachment sixwell plates (Corning) at 1.5 × 10 5 cells per well in the aforementioned differentiation medium to initiate EB formation. The efficiency of EB formation was determined as described previously, with modifications (33). In brief, suspension cultures of EBs were passed through a 100-μm cell strainer, and the filtrates were collected. The cell strainer with trapped EBs was decanted into a 50-mL tube and washed thoroughly with PBS to collect EBs. Two fractions (EBs and filtrates) were dissociated with 0.25% trypsin-EDTA, and cell numbers were counted.
Cardiomyocyte and Neural Stem Cell Differentiation. Lineage-directed differentiation of iPS cells into cardiomyocytes and neural stem cells was induced through EB formation suspension culture and subsequent attachment (SI Materials and Methods).
Lysosomal Enzyme Assays. Activities of α-gal A and GUSB were determined by 4-methylumbellferyl-labeled substrates as described previously (34, 35) . Activity of β-galactocerebrosidase was determined by fluorometric assay using 6-hexadecanoylamino-4-methylumbelliferyl-β-D-galactoside as a substrate, as described previously (36) , with modifications (see SI Materials and Methods for details).
TLC. Lipid extraction and TLC was performed as described previously (32) , except that silica gel high-performance TLC plates (Merck) were used, and the spots were visualized by 50% sulfuric acid.
HPLC Analysis of Hyaluronic Acid. Cell lysates were subjected to enzyme digestion and HPLC procedures as described previously (13) .
Western Blot Analysis. Western blot analysis was performed as described previously (32) (see SI Materials and Methods for details). The relative expression levels of the proteins were determined by densitometry using NIH Image software.
GUSB Enzyme Treatment. 293T cells were transfected with a vector expressing human β-glucuronidase (pLHCHBG) (13) or empty vector (pLHCX) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommendations. The pilot study demonstrated that in this expression system, GUSB was expressed at very high levels at 2-7 days after transfection, and that a large amount of the enzyme was secreted into the medium. Two-dayold conditioned medium (with or without GUSB) was mixed with an equal volume of fresh medium and used to feed MPSVII cells. Undifferentiated MPSVII-iPS cells were incubated in this enzyme-containing ES medium for 3 days before EB formation. Then EB formation was initiated and maintained in suspension culture as described above in enzyme-containing differentiation medium for 4 days or until analysis.
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SI Materials and Methods
Immunostaining and Alkaline Phosphatase Staining. Immunofluorescence staining was performed as described previously (1) . Primary antibodies were mouse monoclonal antibodies to β-tubulin III (TUJ1; Babco), AFP (Sigma-Aldrich), Gb3 (Seikagaku), α-actinin (Sigma-Aldrich), cardiac troponin T (Thermo Fisher Scientific), SSEA1 (Santa Cruz Biotechnology), and rabbit polyclonal antibodies to GFAP (Dako), desmin (Sigma-Aldrich), GST-π (MBL), GATA-4 (Santa Cruz Biotechnology), nestin (Abcam), and E-cadherin (Cell Signaling Technology). Cytochemical staining of alkaline phosphatase activity was performed using AP staining kit (Sigma-Aldrich) according to manufacturer's recommendation.
Cardiomyocyte Differentiation and Treatment with Diltiazem. EB formation in suspension culture was initiated as described above. After 4 days, EBs were collected and plated onto gelatin-coated 24-well plates (one EB per well) in differentiation medium. The medium was replaced every 2 days. The presence of spontaneous beating areas was monitored. Beating was observed 6 days after attachment. The beating areas were dissected under a microscope and seeded on gelatin-coated dishes or coverslips for further analysis. Some EBs with a beating frequency of ∼30 beats/min were treated with diltiazem (Sigma-Aldrich) at 10 −9 to 10 −4 M. Three independent EBs were analyzed for each concentration of diltiazem, and the beating frequency was monitored for 1 min after adding the drug.
Neural Stem Cell Differentiation. EB formation in suspension culture was induced and maintained in DMEM with 15% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acid, and 0.1 mM 2-mercaptoethanol for 4 days. Then medium was switched to neural basal medium (Invitrogen) supplemented with G-5 supplement (Invitrogen), 10 ng/mL of recombinant human basic fibroblast growth factor (bFGF; Invitrogen), and 2 mM of L-glutamine for an additional 4 days. EBs were plated on gelatin-coated dishes and maintained in the foregoing medium for 8 days. The neural epithelium-like cells that migrated from EBs were harvested by mild trypsinization. The EBs were removed by settlement. Cells in the supernatant were seeded on collagen-coated dishes in neural basal medium supplemented with N2-supplement (Invitrogen), 200 μM ascorbic acid (Sigma-Aldrich), and 10 ng/mL bFGF.
GALC Enzyme Assay. Homogenates (10 μL) made in water were added to 20 μL of substrate mixture consisting of 0.4 mM substrate, 0.3% sodium taurocholate, and 0.09% oleic acid in citric acid/phosphate buffer (pH 5.2). The enzymatic reaction was performed at 37°C for 16 h in 200-μL PCR tubes, and then was terminated by the addition of 0.2 M glycine-NaOH buffer (pH 10.7) with 0.2% SDS and Triton X-100. Fluorescence was measured at excitation wavelength at 360 nm and at emission wavelength at 448 nm. Activity was expressed as nmol/mg/16 h. Protein concentration was determined using BCA protein assay reagent (Pierce).
Western Blot Analysis. EBs in suspension cultures were collected on day 4, washed with PBS, and then lysed in RIPA buffer with protease inhibitor mixture (Santa Cruz Biotechnology). Clarified lysates (15 μg protein) were denatured in sample buffer with 2.5% 2-mercaptoethanol at 98°C for 5 min. Electrophoresis and Western blot analyses were performed as described previously (1) . Primary antibodies used were rabbit polyclonal antibodies to CD44 (Santa Cruz Biotechnology) and E-cadherin (Cell Signaling Technology), mouse monoclonal antibodies to PCNA (Dako) and β-actin (Sigma-Aldrich), and rabbit monoclonal antibody to activated caspase-3 (Epitomics). 
